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Abstract 
This paper presents a novel material composed of titanium oxide/silicon core/shell (TiO2@Si) nanowires array for 
biomarcomolecules controllable release under UV light. The TiO2/Si nanostructures were fabricated via layer-by-
layer method. DNA and proteins can be covalently immobilized on the TiO2@Si surface by 
(aminopropyl)triethoxysilane (APTES) and glutaraldehyde, then will be released through UV illumination in 10 
minutes. Results show that the composite material can be easily fabricated by chemical methods repeatedly, and is 
promising for gene therapy in the near future. 
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1.Introduction 
Conventional bio-sensing methods have many limitations including low selectivity, sensitivity and 
controlled drug release for the treatment of major diseases such as cancers, AIDS, gene defections, and so 
on [1]. In this regards, design of novel materials or methods to solve these problems is highly desired. 
Recently, nanomaterials, such as silica [2],   titanium oxide (TiO2) nanotubes [3], carbon nanotubes [4], 
and even graphene [5] have been intensively studied on biosensing, drug delivery and other biomedical 
applications. In this paper, we demonstrate a novel method to aim at the controlled release of drugs. 
Silicon nanowire (SiNW) arrays, with nanowire density of about 25 per square micrometer, diameter 
of 200 nm, length of 10 ȝm, respectively, are used as substrate. The specific surface area is calculated to 
be about 8.63 m2/g, which is comparable to that of sponge. Titanium dioxide (TiO2) has been widely used 
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as bio-compatible material. Due to the wide band gap [6], it can response to UV light, which is also used 
for catalysis, degradation, self cleaning [7]. Herein, a thin layer of TiO2 is coated onto the surface of 
SiNWs through layer-by-layer (LBL) method [8]. After calcinations at 500 ć for one hour, TiO2 can be 
crystallized to anatase. The heterojunction between Si and TiO2 makes it response to ultraviolet (UV) 
light, visible light and even infrared spectrum from which electrons and holes would be separated.  
Small chemical molecules, DNA and proteins can be chemisorbed on the surface of TiO2 by chemical 
modification. Under the exposure of UV light, the chemical bond between molecules and TiO2 is broken 
by the electrons and holes generating at the SiNWs and TiO2 heterojunction, and the chemisorbed DNA 
and proteins will be released into solutions. 
2.Experimental 
2.1. Fabrication of Silicon nanowires array 
N type silicon (<100>, resistivity 1~5 ȍ·cm) was washed with sulfuric acid and hydrogen peroxide 
mixture. Thin layer of silver was deposited onto the Si surface by sputtering. The wafer was then 
immersed into hydrogen peroxide and hydrofluoric acid with concentration of 0.2 M and 5 M for 60 
minutes. After washed with deionized (DI) water for 5 times, the Si nanowires array was obtained on the 
wafer [9]. 
2.2. Preparation of TiO2/Si core/shell nanowires array 
To remove the residual Ag, the wafer with SiNWs was first immersed in diluted nitric acid (1:1 v/v), 
and then buffer of hydrofluoric acid for 10 minutes, respectively. TiO2/Si core/shell nanostructure was 
prepared via layer-by-layer method (LBL) as following: First, 1 ȝL of tetrabutyl titanate was added into 
14.5 ȝL of ethanol and toluene. The wafer was then immersed into the above mixture for 1 minute, 
followed by rinse with n-hexane for 2 minutes and hydrolization with DI water for 2 minutes. Finally, the 
wafer was dried with nitrogen gas under 120 ć. After 5 cycles of the above process, the wafer was 
calcined at 500 ć for one hour [7]. 
2.3. Surface modification, DNA and proteins attachment 
One wafer was immersed in 5 mM Octylphosphonic acid aqueous solution for one hour, which got 
Perfluorodecyltriethoxysilane (PFDS) deposited onto TiO2@Si surfaces, subsequently washed with DI 
water to removed excess reactants then dry under nitrogen gas at 120ć for further analysis. Two another 
wafers were immersed in 5% APTES ethanol solution for 30 minutes, then glutaraldehyde aqueous 
solution for one hour, finally dipped into 15ȝg/ml FITC-labeled immunoglobulin G (IgG) and 75 ng/ml 
HEX™ labeled DNA for 4 hour, respectively. The wafer were then extensively washed by buffer solution 
and blow dried for further treatment [10]. 
2.4. UV light treatment for molecular release. 
After surface modification, all three wafer were exposure to ultraviolet light (wavelength 365nm), with 
light density of 9.45 mW/cm2, for 10 minutes. 
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2.5. Characterizatios 
The surface morphology, structure, composition of SiNWs and TiO2@Si were characterized by 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), Energy Dispersive X-ray 
spectroscopy (EDS), X-ray diffraction (XRD), respectively. Water contact properties were performed 
using a contact angle system (OCA 20, Dataphysics Instruments) with 4 ȝL droplets under ambient 
conditions. Fluorescence of DNA and proteins were measured with Axon GenePix® 4100A microarray 
scanner and confocal laser scanning microscope, respectively. 
3.Results and discussions 
3.1.SEM characterization 
 
Fig. 1. SiNWs array SEM imaging by top view(a),  tilt view(b) and cross section (c). Scale bar is 50 ȝm, 10 ȝm, 3 ȝm, respectively. 
From the top view of the wafer (Figure 1a), a large scale of silicon nanowires array was obtained from 
metal assisted silicon etching method. The 45etilt view (Figure 1b) indicated that the silicon nanowires 
were vertical aligned to the wafer surface with diameters from 100 to 200 nm and length about 20 ȝm. 
Cross section of TiO2@Si nanowires array was shown in figure 1c, from which, comparing to figure 
1b, rough surface of nanowires can be observed, caused by the TiO2 shell layer fabricated through layer-
by-layer method. 
3.2.TEM characterization 
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Fig. 2. TEM image of TiO2/Si core/shell nanowire before anneal at low magnification (a) and high magnification (b), and after 
anneal at high magnification and SAED (c), respectively. 
The as-prepared nanowires were dispersed in ethanol under ultrasonic for 2 minutes, then dipped on 
mesh grid for TEM investigations. TEM images of Si, TiO2@Si nanowires before (TiO2@SiUA) and 
after anneal (TiO2@SiA) were shown in Figure 2. Figure 2a showed TiO2@SiUA nanowire, with 
diameter about 90 nm and a uniform shell layer of TiO2. The internal structure of TiO2@Si could be seen 
from the HRTEM image (Figure 2b), the crystalline silicon was coated by a thin layer of amorphous TiO2 
with about 10 nm thick.it’s calculated that each cycle of TiO2 coating process grew 2 nm TiO2 layer. 
Figure 2c was the HRTEM image of TiO2@SiA nanowire showing the nano crystalline TiO2 with about 
10 nm. Figure 2d showed the selected area electron diffraction (SAED) of TiO2@SiUA nanowire, which 
indicated silicon nanowire grew along (011) direction. 
3.3.XRD characterization 
 
Fig. 3. XRD spectrum pattern of TiO2/Si core/shell nanowires array after anneal (a), before anneal (b) and Si nanowires array (c), 
respectively. 
Figure 3 showed the XRD pattern of TiO2@SiA, TiO2@SiUA and Si nanowires array. The XRD peaks 
at 25.17°, 37.37°, 47.16° and 32.59° was corresponding to the anatase (101), (004), (200) of TiO2 and 
(104) of Ti2O3 (JCPDS Card No. 894921 and 8947456) [11-12], which meant the amorphous TiO2 had 
been crystallized to anatase after annealed at 500ć for one hour, while Ti2O3 was caused by oxygen 
vacancy.  
3.4.Surface contact angle (CA) 
Water CA measurements were carried out on the fabricated TiO2@SiA nanowires array, As shown in 
Figure 4a, it was hydrophilic before OPA modification, with CA of less than 5°, while, it changed to 
hydrophobic after modification, with CA 152°. After UV light exposure for about 10 minutes, the 
surfacecontact changed dramatically to to 38.4°. As demonstrated in figure 4, before modification, TiO2 is 
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hydrophilic because of the hydroxy group on the surface, especially under light illumination. After 
 
 
Fig. 4. Contact angle of TiO2/Si nanowires array before surface modification (a), after surface modification by fluorosilane (b); and 
then under UV light illumination (c). 
modification, the fluoroalkyl group of PFDS on nano structure of TiO2 made it hydrophobic with a CA up 
to 152°. The silicon and TiO2 could adsorb UV light, and then electron and hole would separate in the 
heterojunction between Si and TiO2 where hole would diffusion to the surface of TiO2, and broke the 
chemical bond between Si and C, which would release the polar group and made the CA of TiO2 
decreased [3]. 
3.5.Fluorescence of DNA and Proteins  
 
Fig. 5. Fluorescence of TiO2@Si nanowires array without modification (a), with HEX™-labeled DNA (b) and with FITC-labeled 
immunoglobulin G (IgG). 
GenePix® scanner and confocal laser scanning microscope were employed to investigate the DNA and 
proteins immobilization results, respectively. As revealed in figure 5 and figure 6, the clear fluorescent 
signal could be observed, indication the successful immobilization of DNA and proteins on TiO2 surfaces. 
DNA and proteins would be released into solution when the chemical bond Si-C broke under UV light 
illumination. Further investigation is needed. 
4.Conclusions 
A novel material for controllable small molecular, DNA and proteins release was achieved. A large 
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scale of Si nanowires array with diameters from 80 nm to 200 nm, and length about 20 ȝm can be 
obtained by Ag assisted chemical etching. LBL method is used to grow a TiO2/Si core/shell structure with 
anatase structure after anneal at 500 degree for one hour. Small moleculars, DNA and proteins can be 
attached to the surface of TiO2 by chemical covalent modification. These covalent bond is broken under 
UV light exposure which would make this material a promising carrier for DNA & siRNA drugs. 
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